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Abstract-1 Deformation Behaviour of microcrystalline (mc) and nanocrystalline (nc) Mg-5%Al alloys 
produced by hot extrusion of ball-milled powders were investigated using instrumented indentation tests. 
The hardness values of the mc and nc metals exhibited indentation size effect (ISE), with nc alloys 
showing weaker ISE. The highly localized dislocation activities resulted in a small activation volume, 
hence enhanced strain rate sensitivity. Relative higher strain rate sensitivity and the negative Hall-Petch 
Relationship suggested the increasingly important role of grain boundary mediated mechanisms when 
the grain size decreased to nanometer region. 
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1 Introduction 
 
Nanocrystalline (nc) materials have been the subject of widespread research over the past couple of decades with 
significant advancement in their understanding especially in the last few years [1]. Attractive properties of nc metals 
and alloys are increased strength/hardness, improved ductility/ toughness and the super-plastic behaviour at relatively 
low temperatures[2].  Nc metals also show high strain rate sensitivity if compared to microcrystalline materials [3-5]. 
There are reports of both increased and decreased strain rate sensitivity with decreasing grain size in metallic materials. 
Ultra-fine-grained (UFG) and nc BCC showed enhanced strain rate sensitivity with decreasing grain size [6-11], while 
UFG/nc BCC metals exhibited reduced strain rate sensitivity with decrease of grain size [12-17]. However, the grain 
size effects on strain rate sensitivity of nc HCP metals haven’t been well attended.  
In the present study, we fabricate bulk microcrystalline (mc) and nc Mg-5% Al alloys with grain size varying from 
micrometer down to nanometer region. The effects of grain size and strain rate on the mechanical behaviours of Mg 
alloys were characterized by nanoindentation tests. The purpose of the present work is to contribute to the basic 
understanding of the characteristic deformation behaviourxs of polycrystalline mc and nc Mg alloys.  
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2 Experiment  
 
Mg chips/turnings and Al powder of purity 99.9+% and 99.5% were used as starting materials for mechanical 
milling. The nominal composition of the composite was Mg–5 wt% Al. Each batch of composite mixture was first 
mixed in a V-shape twin shell mixer. Then the powder was combined with stearic acid and carbon steel balls. The 
mixture was loaded into stainless steel vial for mechanical milling under argon atmosphere for different durations of 0 
h (MA0 as-blended), 10 h (MA10), 20 h (MA20), 30 h (MA30) and 40 h (MA40) at room temperature. The milled 
powders were cold-compacted using 35 mm diameter die. The green compacts were sintered at 500ºC for 2 h. The 
sintered billets were then hot-extruded with an extrusion ratio of 25:1 to 7 mm diameter.  
The hot extruded Mg alloys were analyzed via X-Ray diffraction using a PANanalytical XPert Pro Multi Purpose 
Diffractometer with a Cu Kα radiation source. Bright and dark field transmission electron microscopy (TEM) images 
were employed to investigate the grain sizes and microstructures of the mc and nc Mg alloys on a CM200 Analytical 
Scanning Transmission Electron Microscope with an operating voltage of 200kv. The TEM sample preparation starts 
with sectioning the metallic rods with a diameter of several millimetres into thin slices with thickness of 30μm. Final 
processing of TEM foils was carried out by on a Gatan ion beam thinning system. 
Nanoindentation tests were carried out using a Hysitron Triboscope with a Berkovich indenter. The nanoindenter 
monitored and recorded the load and displacement of the three-sided pyramidal diamond (Berkovich) indenter during 
indentation with a force resolution of about 1 nN and displacement resolution of about 0.2 nm[18, 19]. The indentation 
tests were carried out under two different modes:  
 Indentation tests were carried out under constant strain rate of 0.1/s with load ranging within 5mN to 
230mN. 
 Indentation tests were carried out under constant loading rates spreading over two magnitudes, ranging 
from 1mN/s to 400mN/s to a peak load of 200mN.  
 
 
3 Results and Discussion 
3.1 Microstructures and Grain Size 
Figure 1 shows the XRD spectra of the sintered and extruded unmilled and mechanical milled specimens with 
different milling hours. In the unmilled sample, several Mg17Al12 peaks were observed, but these peaks were totally 
absent in the subsequent 10, 20, 30 and 40 h milled samples. Several Mg peaks were observed from the XRD spectrum, 
while no Al peaks were seen, indicating that the small addition of Al was homogeneously distributed and diffused into 
the Mg matrix forming a solid solution. An optical microscopy picture of the unmilled sample and the bright field 
TEM images of the milled nc Mg alloys in the direction transverse to that of the extrusion direction are shown in 
Figure 2 (a)-(c), respectively. Figure 2 (a) shows that the average grain size of the unmilled Mg alloy is about 13μm. 
The TEM images of MA10 to MA40 reveal that finer grain structures after milling and extrusion, as shown in Figure 2 
(b)-(c). The average grain size of MA10, MA20, MA30 and MA40 are determined to be 103nm, 78nm, 58nm and 50 
nm, respectively.   
3.2 Indentation Measurements 
In nanoindentation tests, the mean contact pressure determined under conditions of a fully developed plastic zone 
is usually defined as the “indentation hardness”: 
ܪ ൌ ܲܣ                                                                              Equation 1 
Where P is the applied load, A is the contact area. For a berkovich indenter, A is calculated by:  
ܣ ൎ 24.5 ݄௖ଶ                                                                        Equation 2 
Where hc, the contact depth, is found by using the equation: 
݄௖ ൌ ݄௠௔௫ െ ߝ ௠ܲ௔௫ܵ                                                                   Equation 3 
Where ߝ (0.75) is the geometric constant, S is the unloading stiffness and given by: 
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                                                                      Equation 4 
The strain rate acts nominally in a direction perpendicular to the surface and is defined as the displacement rate 
(∆h/∆t) divided by displacement (h) as given by Equation 5:  
                                                                           Equation 5 
The strain rate sensitivity (SRS) of a material is defined as the variation of flow stress with strain rate at a given 
level of strain for a fixed temperature and it can be expressed as[20]: 
                                                                         Equation 6 
Where k is Boltzman constant, T the absolute temperature, σ the flow stress and v* the activation volume, which 
can be considered as the derivative of the activation energy with respect to the effective shear stress. 
By employing nanoindentation measurements, the flow stress can be related to the measured hardness (H=3σ) and 
consequently the SRSis measured as: 
                                                                  
                                                                       Equation 7 
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Figure 1 Representative X-ray diffraction patterns of extruded Mg–5wt% Al specimens after 
different durations of milling  
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Figure 2 (a) Optical microstructures of MA0, (b) (c) TEM bright field image showing fine grain 
structures of MA10 and MA40, respectively. 
 
3.3   Indentation Size Effect 
The Load-displacement (P-h) curves of indentation tests under constant strain rate of 0.1/s with maximum load 
ranging from 5mN to 230mN are shown in Figure 3. On loading, the curves shift upwards with the increasing of the 
milling hours, indicating that the resistance of the materials to indentation gradually increases with the grain 
refinement. The hardness values are calculated from the indentation P-h curves and given in Figure 4. A growing 
tendency of the hardness value with the increasing milling hours of the samples is observed from the H-h curves. This 
is attributed to the grain refinement hardening effect with mechanical milling, reducing the grain size from 13μm of 
MA0 to 58nm of MA30. The declining tendency of hardness with increase of penetration depth is attributed to the 
Indentation Size Effect (ISE).  
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Figure 3 Loading–unloading curves of MA0, MA20 
and MA30 under constant strain rate of 0.1/s 
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Figure 4 Hardness vs Displacement diagrams showing 
the decline trend of the hardness value in the initial 
stage of the indentation tests 
 
Nix and Gao [21] developed a geometrically necessary dislocation based model for characterization of the size 
dependence of hardness in nanoindentation tests. The ISE model is assuming the indentations by a rigid cone are 
accommodated by circular loops of geometrically necessary dislocations with Burgers vectors normal to the plane of 
the surface. They obtained the following expression for the indentation Hardness: 
ܪሺ݄ሻ
ܪ଴ ൌ ඨ1 ൅
݄כ
݄                                                                     
Where h is the indentation depth, H0 is the hardness in the limit of infinite depth, and h* is a characteristic length 
that depends on the properties of indented material and the indenter angle. However, some research suggested that the 
hardness data do not follow Equation 8 when the indentation depth is on the order of 100 nm. Huang et al [22] further 
corrected the hardness-depth relationship for small indentation depth: 
b) c) 
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൬ ܪܪ଴൰
ଶ
ൌ 1 ൅ ሼ ௛೘೔೎ೝ೚௛ ି௛೘೔೎ೝ೚௛
మ೙ೌ೙೚
௛య            ௜௙ ௛ஹ௛೙ೌ೙೚
ଶ௛೘೔೎ೝ೚ଷ௛೙ೌ೙೚                                           ௜௙ ௛ழ௛೙ೌ೙೚                                   Equation 9 
We use Equation 9 as an empirical fit and the typical fitting curves are displayed in Figure 5. The Characteristic 
fitting parameters are given in Table 1.  
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Figure 5 Depth dependence of hardness of (a) MA0, (b) 
MA20, and (c) MA30 under constant strain rate of 0.1/s.
 
 
 
Table 1 Characteristic values of MA0, MA20 and 
MA30 
 MA0 MA20 MA30 
H0 (GPa) 0.33 1.22 1.24 
hmicro (μm) 10.49 0.52 0.81 
hnano (μm) 0.22 0.21 0.26 
 
 
3.4 Strain Rate Sensitivity 
The P-h curves of Mg-5%Al alloys under different loading rates are plotted in Figure 6, which three different 
loading rates were applied.  For MA0 as shown in Figure 6 (a), the curves don’t show a consistent trend of the load-
depth relationship regarding to different loading rates, which is coincident with the fact that mc materials is not quite 
rate sensitive. With the grain size decreases down to 103nm of MA10, increasing of strain rate introduces a 
strengthening effect on the P-h curves, as manifested by a shift of P-h curves upwards with increase of loading rates. 
The strain rate effect becomes more significant when the grain size is further reduced to 58 nm and 50 nm for MA30 
and MA40, respectively (given in Figure 6 (d)-(e)). The strain rate effect will be further addressed in detail in the later 
discussions.  
In Figure 7, the hardness values are plotted as a function of d-1/2, where d is the averaged grain size. A Hall-Petch 
(H-P) relationship is noticed in Figure 7, with the hardness values increasing monotonically with decreasing grain size 
when the grain size decreases from 13µm to 58 nm. However, the slope decreases and becomes negative as the grain 
size further decreases below 50nm of MA40. The break-down of the H-P at small grain size indicates the increasingly 
significant role of a supplementary deformation mechanism. For mc materials, the positive H-P slope suggests that the 
dominant role of dislocation mediated plasticity during indentation deformation process. At sufficiently small grain 
sizes, the H-P model based upon the lattice dislocations may not be operative. Since the volume fraction of grain 
boundaries (GBs) is increasingly higher with decreasing grain size, GB sliding mechanisms become more significant.  
Conrad and Narayan [23] proposed a thermally-activated grain-boundary shearing model assuming that GB shear 
was associated with many independent atomic shear events. Employing the concept of thermally-activated shear, the 
macroscopic shear rate produced by independent, atomic shear events at the GBs is given by: 
γሶ ൌ 6bݒDd sinh ൬
ݒכ߬௘
݇T ൰ exp ሺെ
∆F
݇Tሻ                                                   Equation 10 
Where b is the atomic diameter, ݒD (≈1013 Hz) is the Debye Frequency, ߬௘ ൌ ߬ െ ߬଴, where ߬ is the applied stress 
and ߬଴ a back stress or threshold stress, and ∆F is the activation energy for GB diffusion (for Mg it’s 92kJ/mol[24]). 
SRS is determined from the slope of the linear fitting of the logarithmic relationship between hardness and 
equivalent strain rates, as is given the Figure 8. Depth-sensing indentation tests revealed that the strain-rate sensitivity 
is a strong function of grain size. The SRS (m) increased from 0.003 of MA0 to 0.068 after milled for 40 hours. 
Dependence of SRS and activation volume on grain size is given in Figure 9, where b= 3.20ൈ 10-10 m is the Burger’s 
vector of Magnesium. The calculated activation volume of Mg Alloys with grain size of 13 µm, 103 nm, 78 nm, 58 nm 
and 50 nm are 273 b3, 33 b3, 22 b3, 8 b3 and 6 b3, respectively. For mc MA0, the indentation tests at various loading 
rates showed m value of 0.003 and a corresponding activation volume of ~280b3. The dominant intragrain dislocations 
activities during the plastic deformation process leads to a high activation volume value, thus a negligible SRS value. 
When the grain size decreases down to nanometer region, the dislocation sources would switch from intragrain sources 
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to GB emission/escaping mechanism. The highly localized dislocation activities (e.g. dislocation nucleation and/or 
dislocation depinning) are unusual activated process, which are insignificant for coarse grain materials where the 
intragrain dislocations abound and dominant the deformation process. Due to the small volumes involved in the 
process of dislocations leaving/escaping from boundaries, the activation volume would be much smaller than those 
associated with the conventional mechanisms of forest dislocation intersection in the lattice, which in turn would be 
associated with a correspondingly elevated SRS [25]. 
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Figure 6 Force-Penetration Depth curves of (a) MA0, (b) MA10, (c) MA20, (d) MA30 and (e) MA40 under different 
loading rates 
 
Even the m values increased by more than 20 times after the grain size decreased to 50nm, the SRS of MA40 (m = 
0.068) is still smaller compared to that for plastic deformation dominant by GB sliding (m = 0.5) or coble creep (m = 
1.0). The relatively low m value and Inverse H-P relationship of the hardness suggest that the GB mediated 
mechanisms are not yet dominant over dislocation-based processes. In fact, they may be, and should be, contribute to 
the plastic strain.  
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Figure 7 Hardness of mc and nc Mg-5% Al as a function of d-1/2 
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Figure 8 Plots of hardness-strain rates of the mc and nc 
Mg alloys, where the SRS (m) are calculated from the 
slope of the linear fit
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Figure 9 Activation Volume and m values of Mg alloys 
with various grain sizes
 
 
Summary 
Instrumented indentation tests were performed on micro-crystalline and nc Mg-5% Al alloys produced by hot 
extrusion of ball-milled powders with grain sizes ranging from 13 µm down to 50 nm. Experimental results indicated 
that the hardness values were significantly improved after longer hours of mechanical milling. Indentation tests at 
constant strain rate tests indicated that hardness values of mc and nc Mg alloys decreased with the increase of the 
penetration depth, showing the indentation size effect on the measured hardness. However, nc metals displayed 
stronger indentation size effect compared to the coarse-grained counterparts. Grain refinement to UFG region and nc 
structures led to a strong grain size effect on the SRS of the Mg alloys, which was attributed to the smaller activation 
volumes in the plastic deformation. Relative higher SRS, break down of H-P relationship suggested that GB mediated 
mechanisms played a more significant role when the grain size decreased to nc region. 
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